The inter-comparison of regional air quality models is an effective way to understand uncertainty in ambient pollutant concentrations simulated using various model configurations, as well as to find ways to improve model performance. Based on the outcomes and experiences of Japanese projects thus far, a new model inter-comparison project called Japan's study for reference air quality modeling (J-STREAM) has begun. The objective of J-STREAM is to establish reference air quality modeling for source apportionment and effective strategy making to suppress secondary air pollutants including PM 2.5 and photochemical ozone in Japan through model inter-comparison. The first phase focuses on understanding the ranges and limitations in ambient PM 2.5 and ozone concentrations simulated by participants using common input datasets. The second phase focuses on issues revealed in previous studies in simulating secondary inorganic aerosols, as well as on the three-dimensional characteristics of photochemical ozone as a new target. The third phase focuses on comparing source apportionments and sensitivities under heavy air pollution episodes simulated by participating models. Detailed understanding of model performance, uncertainty, and possible improvements to urban-scale air pollution involving secondary pollutants, as well as detailed sector-wise source apportionments over megacities in Japan are expected.
Introduction
Although air quality over Japan has been gradually improving, ambient concentrations of photochemical oxidants (mostly ozone) and PM 2.5 still exceed Japanese Environmental Quality Standards [1] . These are secondary pollutants, formed in the atmosphere through complex photochemical reactions [2] . Nonlinear relationships with emissions of their precursors pose challenges to develop effective strategies to suppress their ambient concentrations. Three-dimensional air quality modeling, which involves a regional chemical transport model representing complex photochemical reactions, as well as a regional meteorology model and emission inventories, is a well-established tool to derive effective strategies. However, it requires great efforts to prepare input datasets, configure settings, and obtain reliable results. It would be useful to establish air quality modeling that can serve as a reference. We believe that model inter-comparison is a valuable way to establish reference air quality modeling based on collective participant experience and knowledge. Particularly, model inter-comparison is the only available way to check if the models are working well to evaluate sensitivities of specific emission sources on ambient pollutant concentrations because observations indicating them are hardly available.
This paper is intended to introduce the overview of our new model inter-comparison project called Japan's study for reference air quality modeling (J-STREAM), including its history, objective, methodology, status, and future direction, described in Section 2 through Section 6, respectively.
History of Model Inter-Comparison Related to Japan
Inter-comparisons of regional chemical transport models have been performed in several research projects worldwide. Examples of the model inter-comparisons conducted for Asia and Japan are listed in Table 1 . Initiated in 1998, the model inter-comparison study of long-range transport and sulfur deposition in East Asia (MICS-Asia) was a pioneer work of model inter-comparison for East Asia [3] . Its first phase focused on sulfur deposition. The concentrations and wet deposition amounts of sulfur dioxide and sulfate simulated by eight models were compared. Source-receptor relationships and critical factors affecting model performance were investigated. The targets were extended in the second phase of MICS-Asia initiated in 2003. O 3 and its related precursors, aerosols, acid deposition, global inflow of pollutants and precursors to Asia, model sensitivities to aerosol parameterization, and emission fields were analyzed in detail [4] . The outcomes from the first and second phases of MICS-Asia have provided considerable valuable understanding and knowledge on model performance and possible improvements in East Asia. The third phase of MICS-Asia (MICS-Asia3) has started in 2010. The overall scope is model performance under highly polluted conditions. The role of long-range transport is jointly evaluated with the second phase of the task force on Hemispheric Transport of Air Pollution (HTAP2) [5] , whereas model performance over polluted megacities in East Asia, including Beijing and Tokyo, is also included in the targets. Inter-comparisons of regional chemical transport models have been also performed in Japan in 2008 at the beginning. Morino et al. [6] compared the ambient concentrations of O 3 and PM 2.5 components simulated by the four models applied to the monitoring campaign FAMIKA (Fine Aerosol Measurement and Modeling In Kanto Area) conducted in the Kanto area (Tokyo and surrounding prefectures) in summer 2007. All the models commonly underestimated concentrations of elemental carbon (EC) and organic aerosol (OA), whereas large variations were seen in the simulated fine particulate nitrate concentration among the models. The ensemble approach using the concentrations simulated by the four models was effective to achieve better results for the PM 2.5 components, excepting OA [9] . In this first model inter-comparison performed in Japan, all the participating models were the Community Multiscale Air Quality (CMAQ) modeling system [10] , but used different domains, different emission inputs, different meteorology inputs, and different boundary concentrations. Such a comparison is important because researchers usually choose their domains independently, and use their own tools to prepare the input datasets. Uncertainty originating from the modeling procedures of each researcher should be evaluated. On the other hand, this makes interpreting the differences in simulated values among the participating models difficult.
Based on their experience, a model inter-comparison project called the Urban Air Quality Model Inter-Comparison Study in Japan (UMICS) was conducted from 2010 to 2012. The objectives of UMICS were to investigate ranges in concentrations of PM 2.5 components simulated by participating models, and to seek possible ways to improve model performance through extensive sensitivity analyses based on participant expertise. Common target domains were specified, and common emission inputs, meteorology inputs, and boundary concentrations were provided to the participants. Monitoring data of PM 2.5 components obtained at several stations in the Kanto area were used to compare with simulated results. The first phase of UMICS focused on EC [7] . Seven different versions of CMAQ commonly underestimated the EC concentration. The results of sensitivity analyses implied that emissions and boundary concentrations were critical factors affecting model performance for EC, while Shimadera et al. [11] indicated that the model simulated the effect of long-range transport of EC well. RAQM2 [12] had a distinctive performance, which appeared to originate from the treatment of vertical diffusion. The second phase of UMICS focused on secondary inorganic aerosols [8] . Five CMAQs reproduced the sulfate concentration well, but significantly overestimated fine particulate nitrate concentrations. The results of sensitivity analyses implied that NH 3 emissions and dry deposition velocities of gaseous NH 3 and HNO 3 are critical factors on model performance on fine particulate nitrate. The third phase of UMICS focused on OA [13, 14] . Five CMAQs significantly underestimated OA concentrations. The results of sensitivity analyses implied that emissions of semi-volatile and condensable organic compounds are critical factors affecting model performance on OA.
Valuable findings obtained in UMICS have been carried over to subsequent modeling studies. In particular, issues related to semi-volatile and condensable organic compounds have been extensively studied in Japan [15] and worldwide, e.g., [16] . On the other hand, issues related to vertical diffusion and secondary inorganic aerosols remain unsolved. Although the implications of dry deposition velocities of NH 3 and HNO 3 were adapted to the air quality study in Japan [15, 17] , specific measurements are urgently required to increase our understanding of the behavior of fine particulate nitrate. In addition, photochemical ozone was not targeted, and comparisons with models other than CMAQ was scarce in UMICS. Moreover, the Japanese government has recognized the importance of reliable air quality modeling in order to consider effective strategies to suppress the concentrations of secondary pollutants. Therefore, we decided to initiate another model inter-comparison project called J-STREAM in 2016.
Objective of J-STREAM
The objective of J-STREAM is to establish reference air quality modeling for source apportionment and effective strategy-making to suppress secondary air pollutants, including PM 2.5 and photochemical ozone in Japan. Our intentions for reference air quality modeling are as follows. Currently, both researchers and the government are trying to apply air quality modeling to consider effective strategies for improving air quality in Japan. It is important to develop a common understanding on how to use air quality modeling, and how to understand simulated results. There are many model settings, options, and a wide variety of model inputs. The possible range in simulated results under various configurations should be understood. At the same time, the limitations of results simulated by currently available models should be properly recognized, as no model has perfect performance. This could avoid excessive effort to obtain unrealistically improved model performance, and could avoid the development of ineffective strategies derived from a misunderstanding of model results.
Participants could have a motivation to check their model performances. They may be confident that their modeling has no errors if their results are within an acceptable range based on other participants. However, if the collective results commonly deviate from observed values, this implies common scientific challenges to improving currently available models. On the contrary, if results of some participants significantly differ from those of other participants, there may be problems in their modeling, or their models may have distinct performance due to specific embedded capabilities. Model inter-comparison could provide an opportunity to make such a judgment on a participant's model performance. In addition, participants could obtain information and tips regarding the latest air quality modeling through comparisons and discussions with fellow participants. Findings and suitable model configurations will be documented as a reference for the future use of air quality modeling conducted by both researchers and the government.
We also endeavor to solve the remaining issues identified in previous model inter-comparison projects, as described above. Specific measurements will be conducted to see thermodynamic equilibrium, temporal variations, and deposition velocities of secondary inorganic aerosols and their related precursors. In addition, photochemical ozone has been added as a major target. High ozone concentrations in Japan are associated with not only chemical, but also various physical, processes. Meteorological patterns [18] , vertical profiles [19] , and transport from remote regions could all be critical factors. Three-dimensional characteristics of photochemical ozone and the role of various physical processes will be captured by measuring vertical profiles with ozonesondes and via monitoring at a remote island. These measurements could provide valuable datasets to validate and improve models that cannot be obtained by regular government monitoring. Moreover, there are large uncertainties in emission inventories available in Japan. Possible improvements will be applied based on deviations between observations and participants' simulated results.
J-STREAM will have three phases for three years. The first phase focuses on understanding the ranges and limitations of current model results simulated by participants. Simulated concentrations of PM 2.5 components, photochemical ozone, and related precursors are analyzed through comparisons with government monitoring data. The second phase will go into details of secondary inorganic aerosols and photochemical ozone by using data obtained in the specific measurements. The third phase will focus on model performance, as well as source sensitivities and apportionments, calculated by models for selected heavy pollution episodes.
J-STREAM could provide complementary understanding and knowledge to MICS-Asia3 activities. MICS-Asia3 will focus mainly on regional-scale transport and source apportionments of ambient pollutants in Asia, while J-STREAM will focus on urban-scale air pollution and detailed sector-wise source apportionments over megacities in Japan. MICS-Asia3 will mainly use the Acid Deposition Monitoring Network in East Asia (EANET) observations that monitor background ambient pollutant concentrations to evaluate model performance on regional transport around Japan, whereas J-STREAM will evaluate model performance on air pollution over megacities in Japan using ambient pollutant concentrations densely monitored there. The contributions of regional transport from the continent and various domestic emission sources to air quality over megacities in Japan will be clarified by combining understanding and knowledge obtained in MICS-Asia3 and J-STREAM. In addition, some researchers are participating in both MICS-Asia3 and J-STREAM. This could provide an opportunity to deepen our understanding on their model performance across both scales and to exchange their knowledge with other participants across both projects.
Methodology
The methodology for the first phase of J-STREAM is introduced in this section. It follows the concepts of previous UMICS, in which common domains were specified, and common input datasets were provided to all participants. The basic concept should be consistent for subsequent phases, but some changes may be applied based on progress and findings.
Target Periods
Fiscal year 2013 (from April 2013 to March 2014) was selected as the target period of the first phase because it was the latest year for which the databases required to prepare model inputs and to validate model results were available in Japan at the beginning of this study. In addition, January 2013 might be attractive for some participants, as heavy air pollution occurred in Beijing and surrounding areas, e.g., [20] [21] [22] . Therefore, the 15 months from January 2013 through March 2014 were set as the entire target period. Although the input datasets for all the days for the 15 months were prepared, participants were not forced to conduct their air quality simulations for the entire target period; they were requested to conduct their simulations at least for the five enhanced target periods listed in Table 2 , which correspond to the periods of government monitoring of PM 2.5 components throughout Japan in each season, introduced in detail in Section 4.6. They might be a bit short to evaluate seasonality, but their lengths were supposed to be optimal to encourage participants to conduct their simulations. Interested participants could extend their target periods using the available input datasets. 
Target Domains
The four nested domains shown in Figure 1 were specified as the target domains. d01 covers the countries in East and Southeast Asia, to represent the transport of ambient pollutants from outside of Japan. Although it covers similar regions to domain 1 of MICS-Asia3, the standard longitude of the Lambert conformal coordinate is set to 139.8 • E to minimize grid distortion around Japan. The mesh size is 45 × 45 km. d02 covers most of Japan. The mesh size is 15 × 15 km. d03 and d04 are independent; d03 covers major city clusters located in western Japan, including Osaka, Kobe, Kyoto, and Nagoya, which were not included as targets of previous UMICS, and d04 covers the Tokyo metropolitan area. These are the most populated areas in Japan, and air pollution at each is of concern. The mesh size of both domains is 5 × 5 km. All the domains have 30 consistent vertical layers from the ground to 100 hPa. The surface layer is approximately 53 m high. Participants did not have to conduct their air quality simulations in all domains; they were requested to conduct their simulations at least in d03 or d04, whereas some participants conducted their simulations in their own domains.
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The four nested domains shown in Figure 1 were specified as the target domains. d01 covers the countries in East and Southeast Asia, to represent the transport of ambient pollutants from outside of Japan. Although it covers similar regions to domain 1 of MICS-Asia3, the standard longitude of the Lambert conformal coordinate is set to 139.8° E to minimize grid distortion around Japan. The mesh size is 45 × 45 km. d02 covers most of Japan. The mesh size is 15 × 15 km. d03 and d04 are independent; d03 covers major city clusters located in western Japan, including Osaka, Kobe, Kyoto, and Nagoya, which were not included as targets of previous UMICS, and d04 covers the Tokyo metropolitan area. These are the most populated areas in Japan, and air pollution at each is of concern. The mesh size of both domains is 5 × 5 km. All the domains have 30 consistent vertical layers from the ground to 100 hPa. The surface layer is approximately 53 m high. Participants did not have to conduct their air quality simulations in all domains; they were requested to conduct their simulations at least in d03 or d04, whereas some participants conducted their simulations in their own domains. 
Emission Inputs
All the emission data and the flow applied to prepare a single input emission file for each day are shown in Figure 2 . The emission datasets used for countries other than Japan were largely consistent with MICS-Asia3, with some minor differences. HTAP version 2.2 [23] was chosen for emissions of anthropogenic sources and ships to be consistent with MICS-Asia3 and HTAP2 simulations.
The monthly values for 2010 were used, whereas no annual, weekly, and hourly variations were considered. The horizontal resolution is 0.1 • × 0.1 • . The vertical profile was consistent with MICS-Asia3. Global Fire Emissions Database (GFED) version 4.1 [24] was used for open biomass burning emissions. Their daily and three-hourly variations were used. The horizontal resolution is 0.25 • × 0.25 • . The vertical profile was consistent with MICS-Asia3. Hourly biogenic volatile organic compound (VOC) emissions were estimated by Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 [25] . Constant volcanic SO 2 emissions from Bulusan, Mayon, Barren Island, Karymsky, and Shiveluch, which are the volcanoes with distinct emission amounts in Aerosol Comparisons between Observations and Models (AeroCom) [26] located within d01, were taken into account.
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The monthly values for 2010 were used, whereas no annual, weekly, and hourly variations were considered. The horizontal resolution is 0.1° × 0.1°. The vertical profile was consistent with MICS-Asia3. Global Fire Emissions Database (GFED) version 4.1 [24] was used for open biomass burning emissions. Their daily and three-hourly variations were used. The horizontal resolution is 0.25° × 0.25°. The vertical profile was consistent with MICS-Asia3. Hourly biogenic volatile organic compound (VOC) emissions were estimated by Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 [25] . Constant volcanic SO2 emissions from Bulusan, Mayon, Barren Island, Karymsky, and Shiveluch, which are the volcanoes with distinct emission amounts in Aerosol Comparisons between Observations and Models (AeroCom) [26] located within d01, were taken into account. The Japan Auto-Oil Program (JATOP) emission inventory database (JEI-DB) was used for anthropogenic emissions in Japan. Vehicles emissions were estimated by the JATOP emission inventory-vehicle emission estimation model (JEI-VEM) [27] , which calculates hot running, cold start, evaporative (diurnal breathing loss, hot soak loss, and running loss), road dust, and tire wear emissions. Monthly, weekday/weekend, and hourly variations were represented. The horizontal resolution is approximately 1 × 1 km throughout Japan. The target year is 2010, and annual changes since then was not considered. Although anthropogenic emissions other than vehicles were also derived from JEI-DB, emission amounts and spatial allocations were recalculated with the updated activity database to represent 2013. Monthly and hourly variations were consistent with JEI-DB. The horizontal resolution was approximately 1 × 1 km throughout Japan. Ship emissions were provided from the Sasakawa Peace Foundation (SPF). They were estimated from activities obtained by the Automatic Identification System (AIS) and averaged for each day of the week and hour. The horizontal resolution was approximately 1 × 1 km within the range of available AIS information. Hourly biogenic VOC emissions within Japan were estimated by MEGAN version 2.1 [25] . SO2 emissions from four volcanoes (Asamayama, Asosan, Sakurajima, and Miyakejima) were derived from the Japan Meteorological Agency [28] , which irregularly monitors SO2 emissions and plume heights at these four volcanoes. Constant SO2 emissions from two additional volcanoes (Satsuma- The Japan Auto-Oil Program (JATOP) emission inventory database (JEI-DB) was used for anthropogenic emissions in Japan. Vehicles emissions were estimated by the JATOP emission inventory-vehicle emission estimation model (JEI-VEM) [27] , which calculates hot running, cold start, evaporative (diurnal breathing loss, hot soak loss, and running loss), road dust, and tire wear emissions. Monthly, weekday/weekend, and hourly variations were represented. The horizontal resolution is approximately 1 × 1 km throughout Japan. The target year is 2010, and annual changes since then was not considered. Although anthropogenic emissions other than vehicles were also derived from JEI-DB, emission amounts and spatial allocations were recalculated with the updated activity database to represent 2013. Monthly and hourly variations were consistent with JEI-DB. The horizontal resolution was approximately 1 × 1 km throughout Japan. Ship emissions were provided from the Sasakawa Peace Foundation (SPF). They were estimated from activities obtained by the Automatic Identification System (AIS) and averaged for each day of the week and hour. The horizontal resolution was approximately 1 × 1 km within the range of available AIS information. Hourly biogenic VOC emissions within Japan were estimated by MEGAN version 2.1 [25] . SO 2 emissions from four volcanoes (Asamayama, Asosan, Sakurajima, and Miyakejima) were derived from the Japan Meteorological Agency [28] , which irregularly monitors SO 2 emissions and plume heights at these four volcanoes. Constant SO 2 emissions from two additional volcanoes (Satsuma-Iojima and Suwanosejima), where monitoring is not conducted by the Japan Meteorological Agency, were derived from AeroCom [26] .
The horizontal distributions of annual mean NO X and primary PM 2.5 emissions in d03 and d04 for fiscal year 2013 are shown in Figure 3 . The highest emissions are located at the center of Tokyo in d04, and spread to surrounding cities along major roads. High emissions along the coast are mainly due to heavy industry. Emissions of similar magnitude are also seen around major cities in d03, indicating air pollution there is comparable to Tokyo. The influence of ship emissions is seen in both domains.
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Iojima and Suwanosejima), where monitoring is not conducted by the Japan Meteorological Agency, were derived from AeroCom [26] . The horizontal distributions of annual mean NOX and primary PM2.5 emissions in d03 and d04 for fiscal year 2013 are shown in Figure 3 . The highest emissions are located at the center of Tokyo in d04, and spread to surrounding cities along major roads. High emissions along the coast are mainly due to heavy industry. Emissions of similar magnitude are also seen around major cities in d03, indicating air pollution there is comparable to Tokyo. The influence of ship emissions is seen in both domains. As a first trial in Japan, VOC emissions were adapted to multiple chemical mechanisms. Individual VOC species available in each emission database were speciated to SAPRC07 [29] , SAPRC99 [30] , CB05 [31] , RACM2 [32] , and RADM2 [33] mechanisms. This made evaluating the effects of different chemical mechanisms on simulated secondary pollutants possible.
The emissions from multiple emission sources described above were compiled into a single file for each day, domain, and four chemical mechanisms (SAPRC07, SAPRC99, CB05, and RACM2) in the CMAQ-ready format, as well as for one chemical mechanism (RADM2) in the WRF-Chem ready format. Participants can download files of suitable chemical mechanisms for any days and domains during the target period from the file servers, whereas some participants conducted their simulations using their own emission inputs.
Whereas the emission inputs described in this section were delivered as the best available datasets in the first phase of J-STREAM, they may result in poor model performance. If all the participating models overestimate or underestimate observed concentrations, that may be caused by problems in the emission inputs. Comparison of source apportionments derived by forward and receptor modeling, which will be conducted in the third phase of J-STREAM, could also give a suggestion to improve emission inputs [34] . The final target of J-STREAM in terms of emission inputs is to improve available emission inputs based on outcomes obtained in this study, and to establish emission datasets which could serve as a reference and give better model performance. As a first trial in Japan, VOC emissions were adapted to multiple chemical mechanisms. Individual VOC species available in each emission database were speciated to SAPRC07 [29] , SAPRC99 [30] , CB05 [31] , RACM2 [32] , and RADM2 [33] mechanisms. This made evaluating the effects of different chemical mechanisms on simulated secondary pollutants possible.
Whereas the emission inputs described in this section were delivered as the best available datasets in the first phase of J-STREAM, they may result in poor model performance. If all the participating models overestimate or underestimate observed concentrations, that may be caused by problems in the emission inputs. Comparison of source apportionments derived by forward and receptor modeling, which will be conducted in the third phase of J-STREAM, could also give a suggestion to improve emission inputs [34] . The final target of J-STREAM in terms of emission inputs is to improve available emission inputs based on outcomes obtained in this study, and to establish emission datasets which could serve as a reference and give better model performance.
Meteorology Inputs
The common meteorology inputs for all target days and domains were generated in a simulation using the Weather Research and Forecasting (WRF)-Advanced Research WRF (ARW) version 3.7.1 [35] . Schemes and settings used in the simulation are listed in Table 3 . The National Centers for Environmental Prediction (NCEP) Final (FNL) Operational Model Global Tropospheric Analyses (ds083.2) [36] , and real-time, global, sea surface temperature (RTG_SST_HR) analyses [37] were used for the initial and boundary conditions as well as for grid nudging, but grid nudging in d03 and d04 was turned off because the horizontal resolution is much finer than the input analysis datasets. The output files were processed by the Meteorology Chemistry Interface Processor (MCIP) to generate files in the CMAQ-ready format. Participants can download files for any days and domains during the target period from the file servers, whereas some participants conducted their meteorology simulations with the WRF input datasets, also available from the file server. The configuration described in this section were chosen based on experience from UMICS, but more suitable configurations will be explored in J-STREAM. Particularly, vertical profile of ozone, which is greatly affected by meteorological conditions, is one of the targets of the second phase of J-STREAM. Various actions including application of suitable urban canopy modeling [44] , better boundary layer schemes, and reliable land use information will be explored in the second phase to derive a suitable configuration which could serve as a reference.
Initial and Boundary Concentrations
As mentioned above, participants were requested to conduct their air quality simulations at least for the enhanced target periods in d03 or d04. Initial concentrations on the beginning days of the enhanced target periods, as well as boundary concentrations for all days during the entire target period, were generated in the simulation using CMAQ version 5.0.2 [10] using the SAPRC07 chemical mechanism in d01 and d02. Boundary concentrations for d01 were obtained from the results of CHASER [45] for HTAP2 [46] . Initial and boundary concentrations of the inner domains were obtained from the results for the respective outer domains. Initial and boundary concentrations for chemical mechanisms other than SAPRC07 were obtained by converting species in SAPRC07 to those in other chemical mechanisms. Participants can download the files in the CMAQ-ready format for any days and domains during the target period from the file servers, whereas some participants prepared their boundary concentrations from other data sources, including the results of MOZART-4 [47] .
Observation Data
The continuous monitoring data of ambient pollutant concentrations conducted by the government in Japan are used to validate model performance. There are two types of monitoring stations available in Japan: ambient air pollution monitoring stations (APMSs), and roadside air pollution monitoring stations (RAPMSs). The stations monitor ambient concentrations of the criteria pollutants including SO 2 , CO, suspended particulate matter (SPM, ≈PM 7 ), NO 2 , photochemical oxidants, and PM 2.5 , for which Environmental Quality Standards (EQSs) have been specified, as well as NO and non-methane hydrocarbons (NMHCs) as related precursors. Photochemical oxidants and PM 2.5 were monitored at 1152 and 492 APMSs, respectively, throughout Japan during fiscal year 2013. Hourly concentrations of all the pollutants monitored at all stations are available for download from the National Institute for Environmental Studies [48] .
In addition, the monitoring data of ambient concentrations of PM 2.5 components are used to validate model performance. This monitoring was started by the government after the implementation of the EQS for PM 2.5 in 2009, aiming to increase scientific knowledge of PM 2.5 and precursors in the atmosphere and to contribute to reliable source apportionments of PM 2.5 for developing effective strategies to reduce ambient PM 2.5 concentrations. The data from this monitoring should be useful for developing and validating air quality modeling and receptor modeling. The recommended target periods of two weeks are set in each season, and local governments are requested to conduct their monitoring at selected APMSs and RAPMSs that represent both polluted areas and background situations. Ambient PM 2.5 samples are collected on filters daily, and components including ions (e.g., SO 4 2− , NO 3 − , NH 4 + ), inorganic elements (e.g., Na, Al, K, and Ca), and carbons (elemental carbon (EC) and organic carbon (OC)) are analyzed at a minimum to provide vital information for source apportionments. The monitoring was conducted at 101 APMSs, 32 RAPMSs, and 19 background sites for fiscal year 2013. Daily concentrations of all components monitored at all stations are available for download from the Ministry of the Environment [49] . Figure 4 shows the mean concentrations of PM 2.5 components observed at all APMSs, RAPMSs, and background stations for fiscal year 2013 [50] . The observed differences between concentrations at the APMSs and RAPMSs are small. This implies that PM 2.5 pollution in Japan is not a local issue affected by specific emission sources, but rather an urban or regional scale problem. Inorganic components, including SO 4 2− , NO 3 − , and NH 4 + , contribute to approximately half of the total PM 2.5
concentration. As such, it is important to tackle remaining issues in simulating inorganic components in J-STREAM. In addition, even background PM 2.5 concentrations are equivalent to the EQS in Japan. The influence of not only domestic sources but also transboundary transport should be clarified by combining knowledge obtained from both J-STREAM and MICS-Asia3 to consider effective strategies to reduce ambient PM 2.5 concentration over megacities in Japan. In addition, the monitoring data of ambient concentrations of PM2.5 components are used to validate model performance. This monitoring was started by the government after the implementation of the EQS for PM2.5 in 2009, aiming to increase scientific knowledge of PM2.5 and precursors in the atmosphere and to contribute to reliable source apportionments of PM2.5 for developing effective strategies to reduce ambient PM2.5 concentrations. The data from this monitoring should be useful for developing and validating air quality modeling and receptor modeling. The recommended target periods of two weeks are set in each season, and local governments are requested to conduct their monitoring at selected APMSs and RAPMSs that represent both polluted areas and background situations. Ambient PM2.5 samples are collected on filters daily, and components including ions (e.g., SO4 2− , NO3 − , NH4 + ), inorganic elements (e.g., Na, Al, K, and Ca), and carbons (elemental carbon (EC) and organic carbon (OC)) are analyzed at a minimum to provide vital information for source apportionments. The monitoring was conducted at 101 APMSs, 32 RAPMSs, and 19 background sites for fiscal year 2013. Daily concentrations of all components monitored at all stations are available for download from the Ministry of the Environment [49] . Figure 4 shows the mean concentrations of PM2.5 components observed at all APMSs, RAPMSs, and background stations for fiscal year 2013 [50] . The observed differences between concentrations at the APMSs and RAPMSs are small. This implies that PM2.5 pollution in Japan is not a local issue affected by specific emission sources, but rather an urban or regional scale problem. Inorganic components, including SO4 2− , NO3 − , and NH4 + , contribute to approximately half of the total PM2.5 concentration. As such, it is important to tackle remaining issues in simulating inorganic components in J-STREAM. In addition, even background PM2.5 concentrations are equivalent to the EQS in Japan. The influence of not only domestic sources but also transboundary transport should be clarified by combining knowledge obtained from both J-STREAM and MICS-Asia3 to consider effective strategies to reduce ambient PM2.5 concentration over megacities in Japan. 
Data Treatment
As described in this section, all common input datasets have been provided to participants. Participants, at least CMAQ users, can immediately begin their simulations using the provided datasets. Both the input datasets and the simulated results submitted from participants are stored on the file server 
As described in this section, all common input datasets have been provided to participants. Participants, at least CMAQ users, can immediately begin their simulations using the provided datasets. Both the input datasets and the simulated results submitted from participants are stored on the file server, and participants are free to analyze them. Each dataset is essentially intended for use within J-STREAM. Participants who intend to use the datasets for other research purposes, or to analyze submitted modeling results themselves, are requested to introduce their results in J-STREAM first. Commercial use should be avoided. All the datasets, as well as the data processing tools required for a reference air quality modeling, will be open to the public at the end of J-STREAM.
Status
The configurations of the models participating in the first phase of J-STREAM are listed in Table 4 . Simulation results from three models with 29 different configurations have been submitted thus far, far exceeding the number of participating models in previous UMICS. Most use CMAQ, reflecting that CMAQ is widely applied in Japan, including for regulatory purposes. However, differences in the versions, chemical mechanisms, aerosol modules, photolysis, emissions, meteorology, boundary concentrations, and target domains of participating CMAQs could allow us to establish a more reliable reference air quality modeling among the wide varieties of model configurations available in CMAQ. In addition, results from one comprehensive air quality model with extensions (CAMx) and three WRF-Chem [51] models have also submitted their results. Participation of a few more models are expected. They provide an opportunity to investigate the effects of different model frameworks and embedded modules, and to evaluate ranges and uncertainties in concentrations simulated by different models, something that cannot be evaluated in comparisons only among CMAQ. The results of detailed analyses will be introduced in forthcoming papers. 
Future Direction
As mentioned in Section 3, the second phase of J-STREAM will focus on secondary inorganic aerosols, including uncertain temporal variations and deposition processes, and physical processes of photochemical ozone, by using data obtained from the specific measurements conducted in this study. Then, the third phase of J-STREAM will focus on source apportionments under heavy air pollution episodes. Reliable source apportionments are needed to develop effective strategies to suppress ambient PM 2.5 and photochemical ozone concentrations in Japan. One of the purposes for government monitoring of PM 2.5 components is to provide important information for reliable source apportionments, as described in Section 4.6. Now is the time to use the data obtained in this monitoring to derive reliable source apportionments. There are various methodologies using air quality modeling to calculate source apportionments, including ozone source apportionment technology (OSAT) [52] and particulate source apportionment technology (PSAT) [53] , as well as source sensitivities including the brute force method and decoupled direct method (DDM) [54] . Although some of them have been already applied in Japan, e.g., [55] [56] [57] [58] [59] [60] , it is valuable to evaluate differences in source apportionments and sensitivities calculated by various models and methodologies. In addition, receptor modeling has also been applied to investigate source apportionments in Japan, e.g., [61] . Uranishi et al. [34] compared source apportionments obtained by air quality modeling and receptor modeling to investigate shortcomings in emissions of specific sources. We must now establish a common understanding on how to interpret the results of source apportionments and sensitivities calculated by various methodologies in order to develop effective strategies. This is a challenging task. The observation data could become a target for model performance validation to reproduce ambient pollutant concentrations, whereas a single answer may not exist for source apportionments and sensitivities. While consistency between simulated and observed concentrations lends confidence to model performance, it does not guarantee the accuracy of sensitivity, nor source apportionment results [62] . We will seek a solution for that through model inter-comparison.
Although many participating models listed in Table 4 have submitted their modeling results to the first phase, other interested researchers are still welcome to participate in J-STREAM. This could provide opportunities to evaluate their air quality modeling over megacities in Japan that have various emission sources and are also located downwind of rapidly growing Asian countries. Please contact the authors for detailed information.
